Abstract: This paper presents the experimental results the choked flow characteristics of a subcritical refrigerant through a converging-diverging nozzle. A test nozzle with a throat diameter of 2 mm was designed and developed. The influence of operating conditions on the choked flow characteristics, i.e., the pressure profile and mass flow rate under choked flow conditions are investigated. The results indicate that the choked flow occurs in the flow of subcritical refrigerant through nozzles under the normal working conditions of air-conditioners or heat pumps. The pressure drop near the throat is about 80% of the total pressure drop through the nozzle. The critical mass flux is about 19,800 ~ 24,000 kg/(s·m 2 ). The critical mass flow rate increases with increasing the upstream pressure and subcooling. Furthermore, the relative errors between the model predictions and the experimental results for the critical mass flux are also presented. It is found that the deviations of the predictions for homogeneous equilibrium model and Henry-Fauske model from the experimental values are −35% ~ 5% and 15% ~ 35%, respectively.
Introduction
One of the major contributors to the inefficiencies of the basic vapor compression refrigeration cycle is the throttling loss that results from the isenthalpic expansion from the condensing pressure to the evaporating pressure in the throttling valve. To reduce this loss, two phase energy recovery expanders [1] [2] [3] [4] [5] [6] [7] [8] or ejectors [9] [10] [11] replacing the throttling valve have been widely investigated. Flashing flow nozzles are the core part of the impulse turbo expander [12] [13] [14] or ejector. In the nozzles, the potential energy of the incoming high-pressure subcooled or saturated liquid flow is converted to the kinetic energy of the exiting liquid-vapor flow. This behavior is defined as a flashing acceleration process. If the downstream pressure is low enough, the liquid will experience a drastic phase transformation process and the mass flux will not be increased by reducing the downstream pressure any more, i.e. the choked flashing flow. In this circumstance, the flow of refrigerant through the nozzles corresponds to the critical mass flux, which is the highest flux that can be achieved by decreasing the downstream pressure under given upstream conditions. To obtain appropriate running and performance conditions of expansion work recovery devices, the flow of refrigerant should be a choked flow. Consequently, a deep understanding of the choked flow characteristics of the refrigerant through a converging-diverging nozzle is very important for the optimum design of the impulse turbo expanders or ejectors.
To the best of the authors' knowledge, studies on refrigerant choked flashing flow through converging-diverging nozzles are still limited. Nakagawa and Takeuchi [15] investigated the effect of diverging part length on the performance of converging-diverging nozzles for the ejector-expansion refrigeration cycle using R134a. They concluded that the nozzle efficiency increases with the diverging part length owing to the mechanism that the longer diverging part provides a longer period of time for the two-phase flow to attain equilibrium. Nakagawa and Morimune [16] found that a larger diverging angle gave a higher nozzle efficiency for two-phase flow of R744.
Lucas and Koehler [17] found that choked flashing flow existed inside the motive nozzle during their experimental process of the R744 ejector expansion refrigeration system. Lee et al. [18] presented the experimental results of the R744 ejector expansion refrigeration system, and found that the choked flow appeared when the motive nozzle throat diameter is less than 1.0 mm, but disappeared when the nozzle throat diameter is over 1.0 mm. Chaiwongsa and Wongwises [19] investigated the effects of throat diameter of the motive nozzle on the performance of R134a ejector expansion refrigeration system. The motive nozzle throat area of the tested ejector is designed according to the Henry-Fauske model [20] . They found that the heat sink temperature has insignificant effects on the primary mass flux, i.e. choked flow occurred.
Ozaki et al. [21] reported that the relative error between homogeneous equilibrium model (HEM) [22] predictions of the critical nozzle flow rate and their tested data was within 5% in the R744 ejector expansion refrigeration system. Elbel et al. [23] investigated the critical mass flux of the convergingdiverging motive nozzle in the R744 ejector expansion refrigeration systems, and found that the deviations of the HEM predictions and the Henry-Fauske model predictions from the experimental mass flow rates are −10% ~ −20% and −5% ~ −10% respectively. Kornhauser and Harrell [24] found that the deviations of the experimental mass flow rate values from the HEM predictions are about 10% in their R134a ejector expansion refrigeration systems. Pottker et al. [25] reported the experimental results of the R410A ejector expansion refrigeration system, and found that experimental mass flow rate through the nozzle is lower than Henry-Fauske model prediction, but the error was not presented. He et al. [26] investigated the effect of inlet subcooling degree on the performance of the convergingdiverging nozzle in the R410A refrigeration experimental system, and found that, with the increase of the inlet refrigerant subcooling degree, the mass flow rate through the nozzle increased, but the nozzle efficiency decreased.
As described above, it can be clearly seen that previous published papers have reported the choked flow characteristics of transcritical R744 through a converging-diverging nozzle. However, the studies on subcritical refrigerants inside converging-diverging nozzle have been investigated by only a few previous research works. Especially, subcritical refrigerants are extensively used in the air conditioners and heat pumps at present, so the metastability effects might be more significant when subcritical refrigerants are used as the working fluid. The main purpose of the present paper is to study the subcritical refrigerant choked flow characteristics inside converging-diverging nozzles, including pressure distributions, mass flow rate and choked flow model. The effects of the relevant parameters, i.e., upstream pressure, downstream pressure, and subcooling on pressure distribution and mass flow rate that have never been presented before are also investigated.
Experimental Setup

Experimental Apparatus and Procedure
The schematic diagram of the experimental apparatus is shown in Figure 1 . The system consisted of an HP accumulator, an LP accumulator, a plate heat exchanger (condenser), a compressor and other accessory parts. The compressor is a prototype semi-hermetic reciprocating type compressor. The displacement of the compressor is 84.7 m . An oil separator is used to ensure low oil contamination in the circulating refrigerant, although the oil content is not measured.
If the liquid level of the HP accumulator is too low to maintain normal running during the experiment, the HP valve and the LP valve are closed and the other valves are opened. The refrigerant is sucked and compressed by the compressor. The high pressure hot vapor discharged by the compressor is cooled in the condenser. The saturated liquid refrigerant then enters the HP accumulator. When the pressure and the liquid level inside the HP accumulator achieve the required conditions, the compressor is powered off.
For an experimental run, the HP valve and the LP valve through the tested nozzle are opened, whereas other valves are kept closed. The high pressure subcooled liquid refrigerant from the HP accumulator is introduced into the tested converging-diverging nozzle. The pressure at the inlet of the test section (upstream or HP accumulator pressure) is controlled by adjusting the temperature and flow rate of the water entering the HP heat exchanger. After passing through the nozzle, the refrigerant flows into the LP accumulator. The pressure at the outlet of the test section (downstream or LP accumulator pressure) is controlled by adjusting the temperature and flow rate of the chilled water entering the LP heat exchanger. As the flow rate through the nozzle is small and the volume of the HP accumulator is quite large, the amount of liquid removed from the HP accumulator during an experiment will not influence the HP accumulator pressure. During a typical experiment, the HP accumulator pressure remained almost constant. A commercial R22 is used as the working fluid of the tested cycle owing that it is widely used in current refrigeration systems and heat pumps in China. 
Nozzles Used in the Experiment
A converging-diverging brass nozzle is used in the experiment. The shape and geometric parameters of the nozzle of the section view are shown in Figure 2 . The area of the nozzle throat is designed using the Henry-Fauske model. The other cross-sectional areas of the nozzle are calculated by using HEM. The remaining geometric parameters, including the lengths of each section, the converging angle and the diverging angle, are based on the suggestions of Nakagawa and Takeuchi [15] and Chaiwongsa and Wongwises [19] . Table 1 shows the values of the main geometric parameters of the tested nozzle.
There are four pressure taps located throughout the nozzle length such that the pressure profile along the length of the nozzle can be measured. These pressure taps are drilled with 0.4 mm diameter using a wire cutting machine. Pressure/temperature taps located before and after the nozzle are drilled to 0.8 mm such that upstream and downstream pressures/temperatures could be measured. The pressure along the nozzle is measured by pressure sensors calibrated from 0 to 2.0 MPa with an accuracy of ±0.15% full scale. The temperatures are measured by calibrated T-type thermocouples having accuracy of ±0.1 °C. The thermocouple probes were mounted in the refrigerant line to measure accurately the refrigerant temperature. The flow rate of the refrigerant through the nozzle is measured by a Coriolis mass flow meter with an accuracy of ±0.25% full scale (0.25-13 kg/min). All the signals are treated by a data acquisition instrument. Figure 3 shows the experimental pressure profiles through the nozzle at different downstream pressures. The upstream pressure is kept constant at 1.7 MPa. The upstream subcooling, dtsc = tsat − t, is kept at 5-8 °C. It is found that the pressure initially decreases slightly in the converging part and then drops greatly at the throat. This behavior implies that the phase change starts near the throat. The noticeable pressure drop near the throat is caused by the mechanism that when the vapor phase appears in the liquid phase, the liquid phase hardly accelerates to match the abrupt increase of the specific volume. When the downstream pressure is less than a certain value, the pressures in the diverging part decrease linearly. The variation in downstream pressure has little effect on the pressure profile along the nozzles, i.e., the change of downstream condition is very little transferred to the upstream. Thus it can be concluded that the choked flow occurs in the flow of subcritical refrigerant through the nozzle in a normal working condition of air-conditioners or heat pumps. When the downstream pressure is higher than a certain value, the pressure in the diverging part initially decreases and then increases gradually, indicating that a shock wave occurred [27] . Increasing the downstream pressure in this situation leads to the increase of the pressure in the nozzle diverging part. Figure 5 shows the variations of the experimental mass flow rate with the downstream pressure at different upstream pressures. The upstream subcooling is kept at 5-8 °C. It can be seen that the mass flow rate at each upstream pressure initially increases with decreasing downstream pressure, but becomes nearly constant at about 0.75 MPa. It can be deduced that choked flow occurs in the nozzle. This flow behavior is consistent with the results of past research [28, 29] . The maximum mass flow rate is called the critical mass flow rate. It can be seen that the mass flow rate increases with the upstream pressure. The critical mass flow rate increases averagely by about 11.1% as the upstream pressure is varied from 1.5 MPa to 1.7 MPa. This is due to the mechanism whereby the pressure drop through the nozzle and the density at the nozzle inlet increase. The critical mass flux is about 19,800~24,000 kg/(s·m 2 ) under the normal working condition of air-conditioners and heat pumps. Figure 6 shows the relationship between the critical mass flow rate and the subcooling at different upstream pressures. The downstream pressure is kept constant at 0.5 MPa. It can be seen that the critical mass flow rate increases as the subcooling increases, showing an increase of about 3.7-7.4% when the subcooling changes from 3 °C to 10 °C. The general trend of mass flow rate versus subcooling is consistent with the cited literature [26] . The density of the refrigerant is increased with increasing subcooling. The delay in vaporization of the refrigerant increases as the subcooling is increased, which leads to the lessening of the flashing vapor generated. These two effects lead to the increase of the critical mass flow rate.
Results and Discussion
Pressure Profile
Mass Flow Rate
HEM [22] and Henry-Fauske model [20] are the two common methods to predict the critical mass flux of the nozzles. Thus the experimental values are compared to the calculated results of the two models in this paper. The choked mass flux prediction of HEM [22] is:
The Henry-Fauske model [20] takes thermodynamic non-equilibrium effects into account. Their iterative set of equations used to determine the critical flux for an initially subcooled liquid is shown in Equation (2) through Equation (4):
v s s dp 
The quantity N describes the partial phase change occurring at the throat. It is correlated as a function of throat equilibrium quality, xEt. For throat equilibrium qualities greater than 0.14, N is set equal to unity. Otherwise:
In order to calculate the critical mass flux of the two models, the refrigerant temperature and pressure at the nozzle inlet must be measured. The iterations of the two models are started by assuming a certain throat pressure. When combined with the isentropic flow assumption, other fluid properties can be calculated. For HEM, the throat pressure is iterated until the mass flux reaches a maximum which is the critical mass flux of the nozzle. For Henry-Fauske model, the throat pressure is iterated until the mass fluxes calculated by Equations (2) 
where ψcal represents the calculated value by HEM [22] or Henry-Fauske model [20] . Figure 7 presents the values of the relative errors between the model predictions and the experimental results for the critical mass flux. It can be seen that HEM tends to underpredict the critical mass flux, which is consistent with the published literatures [23, 24] . This phenomenon is mainly because the homogeneous flow assumption neglects possible flashing delays caused by metastability [28, 29] , which results in the largest possible amount of vapor in the nozzle throat. For HEM, the discrepancies between the predicted values and the experimental results for the critical mass flux are in the range of −35% ~ 5% for most of the data points. The existence of a fraction of positive error is due to the fact that the upstream refrigerant is almost saturated. That is, flashing may occur before the refrigerant flows into the nozzle owing to the pressure loss at the nozzle inlet. The Henry-Fauske model overpredicts the critical mass flux, which coincides with the published literature results [25] . This is mainly because the Henry-Fauske model takes the metastability effects of the flashing flow into account. The empirically determined parameter limits the amount of vapor created by flashing during the rapid expansion process. For the Henry-Fauske model, the deviations of the predicted values from the experimental results are between 15% and 35% for most of the investigated data points. 
Conclusions
This paper presents the experimental results of the choked flow characteristics of a subcritical refrigerant through a converging-diverging nozzle. The influence of operating conditions on the choked flow characteristics, i.e., the pressure profile and mass flow rate under choked flow conditions are investigated. The results indicate that the choked flow occurs in the flow of a subcritical refrigerant through the nozzle under the normal working conditions of air-conditioners or heat pumps. The pressure difference before and after the throat is about 80% of the total pressure drop through the nozzle. The critical downstream pressure is about 0.75 MPa. The mass flow rate increases with increasing the upstream pressure and subcooling. Furthermore, the relative errors between the model predictions and the experimental results for the critical mass flux are also presented. It is found that the deviations of the predictions for HEM and Henry-Fauske model from the experimental values are −35% ~ 5% and 15% ~ 35%, respectively.
